Introduction
The esc protein (ESC) is required for maintenance of the spatially restricted expression patterns of the Drosophila homeotic genes of the Bithorax and Antennapedia Complexes (BX-C and ANT-C) which are initiated by the transiently expressed segmentation gene products. Mutations in esc and other Polycomb group (PC-G) genes cause global derepression of the homeotic genes throughout the embryo, causing all segments of the embryo to develop an eighth abdominal segment identity (Struhl, 1981; Struhl and Akam, 1985; Wedeen et al., 1986; Glicksman and Brower, 1990; Gould et al., 1990; McKeon and Brock, 1991; Simon et al., 1992 Simon et al., , 1993 . The other PC-G proteins are expressed ubiquitously and required continu-* Corresponding author, Tel.: +l 216 368 6417; Fax: +l 216 368 3432; E-mail: pjh3@po.cwru.edu. ously for normal development of all segments. Recent evidence indicates that they form multiprotein complexes that bind to about 100 specific chromosomal sites, including those of the homeotic genes in the BX-C and ANT-C (Zink and Paro, 1989; Zink et al., 1991; DeCamillis et al., 1992; Martin and Adler, 1993; Rastelli et al., 1993; Lonie et al., 1994) . In contrast, esc is required only transiently during the extended germ band stage (Struhl and Brower, 1982) . Expression of esc RNA is only detectable through this period (Frei et al., 1985b; Sathe and Harte, 1995) . This suggests that esc is unique among PC-G genes and may play a key early role in establishing permanent Pc-Gmediated repression of the homeotic genes, after which time it is dispensable.
ESC contains five copies of the WD motif (Sathe and Harte, 1995) , which was originally identified in /?-transducin (Fong et al., 1986) and other members of the G-protein beta subunit (Gp) family. Gp proteins are com-posed almost entirely of seven tandemly repeated WD motifs. WD repeats are also found in a growing number of non-Gg proteins involved in diverse cellular functions (Duronio et al., 1992; van der Voorn and Ploegh, 1992; Neer et al., 1994) . Several are involved in regulation of transcription, including TAFn80, a subunit of TFIID (Dynlacht et al., 1993; Kokube et al., 1993) , the yeast repressors TUPl (Williams and Trumbly, 1990; Keleher et al., 1992; Komachi et al., 1994) and HIRl (Sherwood et al., 1993) , and the Drosophila repressor grouch0 (Hartley et al., 1988; Stifani et al., 1992; Paroush et al., 1994) .
Many of the proteins containing WD motifs are components of multiprotein complexes and are involved in reversible protein-protein interactions. Their WD motifs are suspected of mediating many of these interactions. Recent genetic evidence indicates that one of the seven WD repeats in a yeast Go mediates its interaction with G, (Whiteway et al., 1994) . Transcriptional repression by TUPl involves direct binding of TUPl to DNA-bound homodimers of the a2 homeodomain protein. This interaction was recently shown to be mediated by one particular WD motif in TUPl (Komachi et al., 1994) .
The function of the WD repeats in ESC is presently unknown. Mutations causing single amino acid substitutions and truncations within the WD repeats of ESC indicate that they are essential to its function as a repressor of the homeotic genes (Sathe and Harte, 1995) . By analogy to other WD proteins, we suspect that its WD repeats mediate protein-protein interactions between ESC and other components of the transcriptional machinery.
The ubiquitous spatial and temporal distributions of other PC-G proteins and their apparent lack of high affinity sequence-specific DNA binding activities raises the question of how they are targeted to individual homeotic genes only in cells where they are destined to remain silent throughout the rest of development. Since esc RNA is expressed only transiently, ESC is not expected to be an integral component of PC-G complexes (Franke et al., 1992) , but rather may play a role in mediating the transition from transient early repression to stable long term PC-G-mediated repression. Based on the presence of WD motifs and its transient expression, we speculated that ESC functions as an 'adaptor' which associates with its target genes in those cells where they are destined for permanent silencing and recruits the other PC-G proteins to these genes (Sathe and Harte, 1995) . It might do so by binding to the transiently expressed repressors already present at these promoters, e.g., hunchback and Kriippel or by recognizing some structural feature of the chromatin surrounding such transiently repressed promoters.
As a complement to the genetic approach to identifying functionally important regions and residues in ESC, particularly to further determine the functional importance of its WD repeats, we have determined its degree of evolutionary conservation by isolating and characterizing (Beverly and Wilson, 1984; McIntire and Collier, 1986) . At this evolutionary distance, only regions of their genomes which are subject to functional constraints are expected to be conserved between the two species.
Results

Isolation of the D. virilis esc gene
We detected D. virilis sequences homologous to the D. melanogaster esc gene using esc cDNA fragments containing almost the entire coding sequence to probe D. virilis genomic Southern blots at high stringency (Fig. 1) .
The D. melanogaster coding sequence contains a moderately 'low complexity' region (Karlin and Brendel, 1992; Wooton and Federhen, 1993) near the N-terminus, composed of only a few types of residues, which was excluded from the probe. Since the pattern of hybridization in Fig. 1 
Comparison of the D. melanogaster and D. virilis esc genes
The sequence of 3 kb of genomic DNA was determined. which contains all the detectable homology to the D. melanogasrer esc coding sequence. The portion corresponding to the coding sequence is presented in Fig. 2 
CPR@eLHCYADP predicted secondary structure WD consensus pattern . The third line indicates whether the observed amino acid differences constitute conservative (+), neutral (0) or non-conservative (-) differences according to the BLOSUM 62 substitution matrix (Henikoff et al., 1992) . The previously determined sequence alterations of the several csc mutations in the D. mehnogusrer gene (Sathe and Harte, 1995) (Neer et al., 1994) . Residues conserved in the WD consensus pattern are highlighted. Positions which differ in D. melunoguster are boxed. The predicted secondary structure (Neer et al., 1994) is shown below the alignment as a series of alternating beta sheets (b) and turns (t). The two highly conserved regions (A and B) of the motif are separated by a short variable length region (nl) which is predicted to form a turn. The regions separating WD core repeats (n2) are much more variable. An x indicates any residue, h indicates strong hydrophobic residues (L, I, V, M, F) and a dash indicates positions that can be of slightly variable length. The parentheses indicate that the variable positioning of two conserved residues predicted to form a turn within this region (D, G, N, P). See Sathe and Harte (1995) for additional discussion of WD repeats in ESC. The genomic DNA sequences are highly homologous between the two species within the predicted coding regions (82%), but the sequences flanking the coding sequences are highly divergent, beginning immediately upstream of the predicted initiation codon and immediately after the predicted termination codon. This, together with the high degree of conservation of the predicted protein sequences (see below), confirms that the ESC protein in both species begins and ends at the predicted codons and that the predicted reading frames in both species are correct. Of the DNA sequence differences present within the two coding sequences, 83% are silent with respect to the amino acid sequence. Of the positions eligible to undergo silent changes, 43% have done so. This latter number is good indicator of the extensive divergence between the two species.
Comparison of the D. melanogaster and D. virifis ESC proteins
The predicted proteins from both species are 425 residues long (Fig. 3) . Their predicted amino acid sequences are remarkably highly conserved, exhibiting 93% identity overall and 97% similarity when conservative differences, scored by the BLOSUM 62 matrix (Henikoff and Henikoff, 1992) , are taken into account. Only 3 1 residues out of 425 differ between the two proteins and of these 18 are conservative differences, 6 are neutral and 7 are non-conservative.
Analysis of the D. melanogaster protein revealed the presence of at least five copies of the WD motif interspersed with three less conserved WD-like elements (Sathe and Harte, 1995) . Comparison of the proteins from the two species reveals that only one amino acid difference within a WD repeat is scored non-conservative: WDl in the D. virilis protein has a Cys in place of Val,,, in the D. mefanogaster protein. However, Cys is found frequently enough at this position in many other WD repeats in other proteins that it is one of the 'permitted' residues (L,I,V,M,F,C,A) at this conserved position of the WD consensus pattern derived from alignment of all known WD repeats (Neer et al., 1994) , presumably due to its hydrophobic character. This suggests that this difference in ESC may actually be functionally conservative. The first half of WDl also has one conservative difference (S80A) at a 'non-conserved' position in the WD consensus pattern. Even the incomplete WD-like element between WDl and WD2 contains only two highly conservative differences 1157V and A140S, both at positions which are not conserved in the WD consensus pattern. The four repeats which are most similar to the consensus WD pattern, WD2, WD3, WD4 and WD5, contain no differences between the two species. The two fragmentary WD-like elements between WD4 and WD5 each contain a single conservative difference, L323V and M37 1L. Interestingly, immediately after the last WD repeat, four of the seven remaining C-terminal residues differ between species.
The N-terminus of ESC has undergone the greatest divergence, with 11 differences in the first 59 residues. This region of the D. melanogaster protein is Ser-rich, depleted of strong hydrophobic residues and enriched in clusters of charged residues. It is predicted to be flexible, unstructured and solvent exposed, available for interactions with other proteins (Sathe and Harte, 1995) . The differences in this region of the D. virilis protein are conservative of these properties.
Residues 7-34 in the D. melanogaster protein correspond to a high scoring PEST sequence (Sathe and Harte, 1995) , found in rapidly degraded proteins and believed to act as a proteolysis signal (Rogers et al., 1986; Rechsteiner, 1990) . Of the seven differences observed in this region all but one, D9G, are highly conservative of its PEST properties, suggesting that ESC may undergo rapid turnover. The sequence with the closest similarity to a nuclear localization signal (Kalderon et al., 1984) , RSKRRGRR (residues 43-50) is identical in both species.
The N-terminal region also exhibits moderately low sequence complexity overall. Regions of low sequence complexity, particularly long homopolymeric runs and simple repeating patterns have been found to be highly variable in length and to be the source of putative slippage based insertion/deletion events during DNA replication (Levinson and Gutman, 1987; Tautz et al., 1987) , leading to their rapid evolution evidenced in other Drosophila species comparisons (Kassis et al., 1986; Treier et al., 1989) . However, no evidence of such variability is found here or anywhere else in ESC. Overall, this remarkably high degree of conservation indicates beyond doubt that this constitutes the esc gene of D. virilis.
Expression of the D. virilis esc gene in embryos
The esc gene of D. melanogaster is expressed both maternally and zygotically and is present for only a short period after fertilization, after which it is undetectable (Sathe and Harte, 1995) . To determine whether this expression profile of esc is conserved in D. virilis, we carried out in situ hybridization to esc RNA in whole embryos. As shown in Fig. 4 , the spatial and temporal patterns of esc expression are virtually indistinguishable from those of the D. melanogaster gene, further indicating that the protein conservation reflects conservation of function in these two species.
Discussion
Comparison of the D. melanogaster and D. virilis esc genes reveals that the predicted ESC protein has been remarkably highly conserved despite the extensive divergence found in silent positions of their respective coding sequences. In particular the five WD motifs contain only one potentially non-conservative amino acid difference, which occurs in the first repeat.
The 93% amino acid identity of is very high for comparisons between D. melanogaster and D. virilis proteins (Neufeld et al., 1991) , which tend to range from 60% to 80%, although a number of other proteins have been shown to exhibit greater than 90% identity (Bray and Hirsch, 1986; Treier et al., 1989; Michael et al., 1990; Neufeld et al., 1991; Yao, 1991; Chen et al., 1992; Tominaga et al., 1992; Hart et al., 1993; Liaw et al., 1993) . This degree of identity suggests that ESC is functionally compact and that nearly every residue may make an important contribution to its function.
The almost perfect conservation of the WD motifs might seem surprising, considering the apparently wide 'tolerance' of this motif for amino acid substitutions, at least as inferred from the WD consensus pattern derived from alignment of all WD motifs in other proteins (Neer et al., 1994) . There is considerable diversity among WD motifs, fewer than half of the positions in the consensus pattern being conserved and many conserved positions 'tolerating' multiple residues. Furthermore, the WD repeats within any one protein, including ESC, are no more similar to one another than they are to repeats in different WD proteins (Neer et al., 1994) . This apparent 'tolerance' for amino acid substitutions in the WD consensus pattern could reflect a relatively generic function of all WD motifs. Alternatively, it could indicate that individual WD repeats are functionally specialized, perhaps 'nonconserved' positions in the consensus encoding such specialized functions while conserved positions determine common structural features of all WD motifs. The conservation of differences between the individual WD repeats of ESC in these two divergent species is consistent with their functional specialization.
Similar support for WD specialization comes from a few other cases in which it is possible to compare WD proteins which are true functional equivalents from different taxa. In the case of Gps, where functionally equivalent homologs have been identified in many eukaryotic taxa as widespread as Dicfyostelium (Lilly et al., 1993) , fungi (Whiteway et al., 1989) , Chlamydomonas (Schloss, 1990 ) and higher plants (Ishida et al., 1993) , the differences between individual repeats are highly conserved. As in ESC, the individual WD repeats at the equivalent locations in each Gs protein exhibit conservation at almost every position, a much higher degree than indicated by the WD consensus pattern (Neer et al., 1994) . In a less extensive comparison, the individual WD repeats in the Drosophila, human and rat groucha proteins also exhibit a similar very high degree of conservation (Stifani et al., 1992) .
These data, together with the present comparison, suggest that despite their common features revealed in the consensus pattern, individual WD repeats, rather than being simply tolerated variants of a loosely conserved generic functional unit, are indeed functionally specialized. The extensive comparison possible with Gg proteins also suggests that such specialization, once established, has been exceptionally highly conserved throughout evolution. We suspect that this specialization may reflect an equally highly conserved repertoire of protein-protein interactions in which each of the WD proteins is involved.
Experimental evidence for such functional specialization was recently obtained for the TUPl repressor. A single isolated WD repeat from TUPl was shown to mediate its interaction with the a2 homeodomain protein in vitro, indicating that its individual WD motifs are functionally specialized and also exhibit some degree of functional autonomy, each perhaps constituting a module which specifies an interaction with a different partner protein.
Recent genetic analysis of the yeast Go STE4 also implicates one of its seven WD motifs in the interaction with G,. Interestingly, most of the mutations which specifically disrupt STE4's interaction with G, affect residues which do not occupy conserved positions in the consensus WD motif, consistent with functional specialization of individual WD motifs via residues occupying these positions (Whiteway et al., I994) .
In this light, it is not surprising, e.g., that the M236K substitution in WD3 of the D. melanugaster protein is mutant (escY mutation), despite the occurrence of Lys at this position in other WD repeats (including WD2 of ESC) and despite the 'non-conserved' nature of this position in the WD consensus pattern (Sathe and Harte, 1995) . The conservation of Met2s6 in D. virilis further emphasizes the importance of this residue. Even the Gin,,, residue is conserved in D. virilis, for which we discovered a conservative phenotypically silent Lys substitution in a wild-type variant of the D. melanogaster protein encoded by the CyO chromosome (Sathe and Harte, 1995) . This suggests that Gln is a preferred residue at this position, despite being in a 'non-conserved' and variable length region of the WD consensus pattern.
The conserved differences between the individual WD repeats in ESC suggests that each repeat or different combinations of them may specify interactions with a different partner protein. Indeed, Gs is known to interact with at least six very different classes of proteins which share no sequence homology (Neer et al., 1994) . Obvious candidates for ESC partners include other PC-G proteins as well as transient repressors such as hunchback. If the WD repeats of ESC do mediate interactions with other proteins involved in homeotic gene regulation, their almost perfect conservation also strongly suggests that these interactions are highly specific in nature and very likely involve equally highly conserved regions of the partner proteins in such interactions.
Materials and methods
Southern analysis, library screening
Southern blots containing D. virilis genomic DNA or cloned DNA were hybridized at high stringency under standard hybridization conditions (6x SSC, 65T). A D. virilis EMBL3 genomic library, kindly provided by J.
Tamkun, was also screened at high stringency under standard hybridization conditions.
Sequence analysis
For DNA sequencing, specific genomic fragments of the D. virilis esc gene derived from phage inserts were subcloned into the pBluescript II plasmid vector (Stratagene). DNA sequences were determined on both strands from double stranded plasmid templates using the standard dideoxy chain termination protocol recommended by USB with its Sequenase kit. A combination of universal primers and gene-specific primers were used to obtain complete sequence from both strands. DNA and protein sequence alignments were established using the IBI MacVector sequence analysis package (Kodak). Amino acid differences were designated conservative, nonconservative or neutral according to the BLOSUM 62 substitution matrix (Henikoff et al., 1992) . In the text we refer to the amino acid differences using the same convention for designating amino acid substitutions in mutants (e.g., ClOlV). The nucleotide sequence of the D. virilis esc gene has been deposited in GenBank database.
In situ hybridization
Wholemount in situ hybridization was done as previously described . Single stranded sense and antisense RNA probes labeled with digoxygenin-UTP (BMB) were synthesized using the Ambion Megascript kit. The template was a 1.1 kb D. melanogaster cDNA insert flanked by T7 and T3 promoters in the pBluescript II vector. Probe size was reduced by controlled alkaline hydrolysis in 40 mM NaHCOs/60 mM Na$Os (pH 10.2) at 60°C for 45 min (Cox et al., 1984) .
